Moreover, we observed non-local spin-polarized current, which is regarded as a distinguishing property of TIs. The spin-polarization ratio of the non-local current was larger than that of the local current. These findings could reveal a more accurate approach to determine spin-polarization ratio at the TSS.
Introduction
Topological insulators (TIs) are promising quantum materials, which exhibit strong spinorbit (SO) coupling. The SO coupling preserves the time-reversal symmetry and combines with the broken inversion symmetry at the surface, generating a spin helical topological surface state (TSS).
1-3 The spins of the carriers transported through the TSS are "locked" to their momentum; this phenomenon is called spin-momentum locking (SML). 4, 5 The SML has been experimentally investigated by optical methods. 2, 3, [6] [7] [8] Owing to the inherent spinpolarization of the current caused by the SML, TIs attract significant attention as new functional materials for all-electrical spintronic devices, and provide a new degree of freedom to electronic devices. 9, 10 For instance, current induced SO torque driven magnetoresistive random access memory (MRAM) was proposed. 11 But prior to that, it is very desirable to achieve electrical detection of spin-polarized current. C. H. Li 12 and other groups 13, 14 have reported the detection of spin-polarized current in Bi 2 Se 3 sample. 3 However, Bi 2 Se 3 tends to be degenerately n-type doped by Se vacancies, which increases the bulk carrier contribution. 15, 16 Therefore, similar experiments were performed using TI materials that have low doping density such as (Bi 1-x Sb x ) 2 Te 3 , [16] [17] [18] Bi 2 Te 2 Se, 19 and Bi 2-x Sb x Te 3-y Se y (BSTS). 15, 20 Meanwhile, band bending at the interface between TI and ferromagnetic (tunnel) junction and at the TI surface must be also considered. The materials with strong SO interaction, like
TIs, interfacial electric field due to the band bending induces Rashba type SO coupling and Rashba spin splitting arise. [21] [22] [23] The Rashba spin splitting provides current-induced spinpolarization, but in the opposite direction with respect to the SML direction of the TSS. 12, 23 Recently, two oppositely spin-polarized currents were electrically detected using a permalloyAl 2 O 3 tunneling contacts to strongly n-type doped BiSbTeSe 2 flakes and low-carrier-density BiSbTeSe 2 flakes, which correspond to TSS-and Rashba-type-dominated spin-polarized currents, respectively. 20 In the meantime, the overall spin-polarization ratio would decreases, even though one of them dominates.
In this study, we intentionally chose ferromagnetic Co contact on Bi 1.5 Sb 0.5 Te 1.7 Se 1.3 , to minimize the effect of interfacial band bending during the spin-dependent potentiometric measurement. The work function Φ of Co is 5.0 eV 24 , while the work function of BSTS is in the range of 4.95 eV to 5.20 eV 25 , and it has energy bandgap of ~ 0.3 eV. 26 We used 1-nmthick native oxide layer 27, 28 to form a tunneling-type contact between BSTS and Co, which is necessary to avoid the conductance mismatch problem. 29 Furthermore, electrical detection of non-local spin-polarized current was achieved, for the first time in our best knowledge, using the same contact method of local measurement. The non-local spin signal is a direct consequence of surface dominant current flow and negligible conduction in its bulk, 30 hence it may provide a more precise method to determine spin-polarization ratio at TSS.
Methods
Single crystals of BSTS were grown using the self-flux method using stoichiometric chunks of high-purity starting materials (Bi, Sb, Te, and Se). 31 The mixture was sealed in an evacuated quartz ampoule and heated up to 850 °C, followed by annealing for two days. The mixture was then slowly cooled to 600 °C for a week and kept at 600 °C for additional one week before furnace cooling. The crystallinity and stoichiometry were confirmed by X-ray diffraction and energy dispersive spectroscopy. The BSTS flakes were mechanically exfoliated onto 300-nm-thick thermally oxidized silicon wafer. The thicknesses of the exfoliated BSTS flakes were 55 nm (D1) and 138 nm (D2), respectively. Ferromagnetic (FM) electrodes (30-nm/20-nm-thick Co/Au) were fabricated on top of each flake using electronbeam lithography and electron-beam deposition. Then, nonmagnetic electrodes (150-nm/50-nm-thick Ti/Au) were fabricated using similar approach. Prior to the normal metal deposition, the samples were dipped for 7 s in a buffered oxide etch solution to eliminate the native oxide.
An n-doped Si wafer was employed as the bottom gate electrode. The device parameters are summarized in Table 1 . Measurements were performed at a base temperature of 3.0 K, in a cryostat, equipped with a 1 T magnet. The system was connected to Keithley 2400 or Yokogawa GS200 for the DC measurement, SR830 lock-in amplifier for the AC measurement, and Keithley 2182A nanovoltmeter.
Results and Discussion
To start, the theoretical principles of spin-potentiometric measurements are discussed, by considering both the energy dispersion relation of TIs and the device structure. For the devices at a temperature (T) of 3.0 K, the bulk carrier contribution to the current was highly suppressed, and n-type transport behavior was observed in gate response ( Supplementary Fig.   S1 ). Therefore, only electrons flowing through the TSS above the Dirac-point were considered. The schematic diagram of TSS with SML property is shown in Fig. 1 (a) . For example, an electron that moves along the x-direction (k x > 0, k y = 0) is spin-polarized along the -y-direction (defined as down-spin, represented as '↓'), and vice versa, owing to the SML. S2 ). The direction of the spin signal is consistent with the theoretical model 22 and previous results. [13] [14] [15] [16] [17] [18] [19] [20] By reversing the current direction, opposite electron momentum was generated, hence the spin signal was inverted ( Fig. 1 (e) ). The voltage hysteresis height (∆ = ↑ − ↓ ) is a linear function of the bias current ( Fig. 1 (f) ). According to the non-equilibrium
Green's function (NEGF)-based model for spin potentiometric measurements in TIs, the voltage difference is directly related with the spin-polarization ratio: and parameters of each device measurement configuration, we obtain = 0.036 for D1 with local geometry. The obtained value of is significantly smaller than the theoretical spin-polarization ratio of TSS, ~ 50 %. 35 It is also smaller than the ratios obtained in other experimental reports, ranging from 0.15 to 0.36 for BS, 12-14 0.5 for BTS, 19 and 0.78 ± 0.26
for BST 17 The difference might be caused by the localized spin states at the tunnel barrier, . It is well known that the bottom gate bias applied to a BSTS flake that is thicker than tens of nanometers, usually modulates only the bottom surface conductance (not only TSS of the bottom surface, but also the bulk channel). 31, 41 This implies that positive V g introduces spin-non-polarized bulk carriers and carriers at the bottom surface state with opposite spin helicity than that of the top surface state. 4, 42 This decreases the ratio between the spin-polarization and total current.
We modulated the temperature of the device during spin-potentiometric measurements. In order to further analyze the effect of the electron-electron scattering, the weak-antilocalization (WAL) behavior was examined for the specimen D1. Prior to the discussion of the temperature dependent WAL effect, we present the dependence of the sheet magnetoconductance (MC), ∆σ 2 = σ 2 ( ) − σ 2 ( = 0), as a function of the magnetic field for different angles ( ), as shown in Fig. 3 (a) . The clear WAL effect, which appeared when the magnetic field was perpendicular ( = 90°) to the BSTS surface, was suppressed with the change of the angle towards the parallel ( = 0°) direction with respect to the surface. If sinθ is employed as the x-axis ( Fig. 3 (b) ), all of the curves almost match with each other, which indicates that the effect depends only on the perpendicular field. Therefore, the WAL effect emerges owing to the two-dimensional (2D) surface of BSTS. 
where is the digamma function, is the electron charge, ℏ is the Planck's constant divided by 2 , is the phase relaxation length, and is the WAL coefficient. The fitting (curves in Fig. 3 (c) ) of the sheet MC data using the HLN equation reveals the values of and α for each temperature value. The results are re-plotted as a function of the temperature in Fig. 3 (d) . The almost constant value of α (~ -1) for different temperatures indicates robust two-channel transports at the top and bottom surfaces. 43 At 4.0 K, ~ 127 nm; it exhibits power-law dependence as a function of the temperature ( ∝ −0.51 ). This implies that the inelastic scattering, caused by the electron-electron interactions, increases with the temperature. This in turn increases the dephasing rate 31 , which decreases the spin-polarization ratio at the surface. Nevertheless, we are not able to provide a complete explanation of the dependence of ∆ as a function of T (Fig. 2 (c) ). Various factors might have contributions including the dephasing rate and related quantities. 19 Meanwhile, the carrier transport at the TSS is not localized between the source and drain; the current flows over the entire TI surface (mainly at the top and bottom surfaces, owing to the dimensions of the considered thin BSTS flake). 30 The non-local voltage ( ) between the FM electrode and left-most non-magnetic electrode changes linearly with the local current bias ( ) between the non-magnetic electrodes, as shown in Fig. 4 (a) , which indicates the existence of . By performing numerical simulations on the devices (Supplementary Figs. S3 and S4), we obtained that the non-local current is proportional to the applied local current bias; for = 20 µA, it is estimated that = -682 nA. In order to detect the spinpolarized non-local current, non-local spin-potentiometric measurements were performed.
Schematic of D2 for the non-local measurement configuration is shown in the inset of Fig. 4 (a). (Fig. 4. (d) ). Taking into account that the measured non-local spin voltage includes contributions only from the TSS, not from the Rashba state, the above observation is a strong evidence of current-induced spin-polarization owing to the TSS.
Using Eq.
(1) and setting = , we obtained that the spin-polarization ratio of the non-local current, , is 0.23. Even though the thickness of BSTS of D1 (55 nm) was smaller than that of D2 (138 nm), of D2 was 6 times larger than that of D1. This occurs as the bulk carriers without SML property and Rashba effect, which generates opposite direction of SML compared to that of the TSS, [21] [22] [23] are absent in the non-local geometry of D2. Therefore, D2 exhibits carrier transport only through the TSS.
Conclusion
In conclusion, spin-polarized current through the TSS was measured by an electrical method using BSTS as the TI material and Co as the spin probe, to minimize the band bending. The gate-bias-dependent spin-voltage hysteresis ∆ was attributed to the accumulation of carriers at the bottom surface. The origin of the temperature-dependent voltage hysteresis ∆ is not yet fully understood; however, it is believed that it is related to the electron-electron scattering rate associated with complex parameters. Moreover, spindetection in non-local geometry, based on transport through the TSS, not through Rashba or bulk states, was also observed. Therefore, the highly spin-polarized current through the TSS could provide a more accurate approach to evaluating the SML at the TSS and more efficient all-electric spintronic devices. Table. 1 Physical parameters of the BSTS devices.
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Electrical transport characteristics of the BSTS flakes
Resistivity (ρ) vs Temperature (T) plot of D1, D2 is shown in Fig. S1 (a) . BSTS flake exhibit insulating behavior due to freeze-out of the bulk carriers in high T regime above ~130
K, and metallic behavior in low T regime, indicating topological surface state (TSS)
dominates. 
Longitudinal magnetoresistance of Co/Au electrode
For the ferromagnetic 3d transition metals such as Co, Fe, Ni, most of current is carried by the 4s electrons. Meanwhile, the 3d orbital deforms as the magnetization direction changes, changing s-d scattering probability. As a result, resistance is relatively low when the magnetization direction and the current direction are in perpendicular, while it is high when they are in parallel. 2, 3 Therefore, longitudinal magnetoresistance of the Co/Au electrode (D1)
in Fig. S2 indicates that magnetization reversal is take place at the resistance dip, in other words, the coercive field (H c ) is ±180 Oe. 
Numerical simulations
Current flowing through topological insulator is not localized between source and drain but distributed in entire TSS. 4 To calculate the spin polarization ratio quantitatively, we performed numerical simulation based on finite-element method, using a commercial software of COMSOL.
At first, we carried out measurements and simulations for D4 sample, which has relatively larger surface area of BSTS flake and more number of electrodes than the others, so variety of situations could be tested. Dimension of the BSTS flake were approximated as rectangular plate, and the thickness of TSS is supposed to be 2 nm. Contact resistance was introduced as measured. Simulation model and the measurement configurations for D4 are schematically described in (Fig. S3 (a) ). We consider four simulation parameters of ( ℎ , ℎ , ,
). Here, sheet conductance of Top surface ( ℎ ) and bottom surface ( ℎ ) were set individually, because different amount of band bending is expected at each interface. 4 In addition, each surface structure possibly has its own physical properties, although, gapless state of entire surface of TI is topologically protected. So, side conductivity ( ) were set apart from top/bottom surface. 5, 6 Finally, we should consider conductivity of insulating bulk ( ).
As mentioned, topological insulator has two conducting channels of top and bottom surfaces, so a single current-voltage characteristic cannot represent all the two parameters. If we measure and simulate various geometries with different channel length ( ), we can decide an exact set of ( ℎ , ℎ ). At this stage, ( , ) were not considered yet.
Because side surface cover relatively tiny portion of surface, and BSTS flake is almost bulkinsulating, contribution of ( , ) to local current density is negligible. (Fig. S3 (c)) shows diverse sets of ( ℎ , ℎ ) which are in accordance with measurements for different channel lengths between source and drain electrodes ( ), and these three lines converge at a point ( ℎ , ℎ ) = (5.9 ± 0.05 2 /ℎ, 2.2 ± 0.1 2 /ℎ).
Once ( ℎ , ℎ ) were decided, non-local current distribution depends on ( , ). Using parameters of ( , ) in (Fig. S3 (d) ), we get reasonable simulation result of V nloc1 and V nolc2 at a time, within error range of ± 15 %. Even though their exact ratio may not be estimated, measured and simulated V nloc1 and V nolc2 values are directly related with non-local current. The current distribution on top and bottom surfaces, and xy crosssectional view of bulk is visualized in (Fig. S3 (b) ) for ( ℎ , ℎ , , ) = (5.91 2 /ℎ, 2.17 2 /ℎ, 500 S/m, 0.7 S/m). As expected, most of the current is localized between source and drain electrodes, but some portion of the current spreads out.
Then, the parameters were partially modified and applied to simulating D2 device (Fig. S4 (a)), and confirmed that the result is well matched when ( ℎ , ℎ , , ) = (5.91 2 /ℎ, 2.17 2 /ℎ, 500 S/m, 0.1 S/m). Expected non-local current (I nloc ) correspond to local current (I loc ) is graphed in Fig. S4 (b) . For a constant current bias of Potential profile and current profile respect to x-position are also shown in Fig. S4 (c) and (d) , respectively, for dc current bias of 10 μA. Based on the simulation, we can postulate that I nloc is in negative linear relation with I loc ., and the amount is 34.1 nA per 1 μA.
The simulation parameters, except , are comparable with Lee's result, 4 which report on current distribution on BSTS flake. Lower conductivity of side surface than it of top/bottom surface might result from different electronic structure of each surface structure, 6, 7 scattering process at the step edge, 8 and et cetra. 
